A laboratory research was carried out to examine the impact of humic acids (HA) on swelling and germination of 'Nawiko' and 'Progres' soybean seeds under salt stress (50 mM dm −3 NaCl) and water deficit stress (−0.5 MPa) induced by polyethylene glycol (PEG) 6000. HA in the form of a dry preparation was obtained from peat using the IHSS method. Tests on swelling and germination used non-fractionate preparation (NFHA) and two of its molecular fractions obtained using Millipore filters with a 30 kDa cut-off point. This enabled us to obtain two fractions: with a higher molecular weight, above 30 kDa (HMHA), and a lower molecular weight, below 30 kDa (LMHA). The carbon concentration in HA solutions, used in all tests, was 0.005 g C HA dm −3
Introduction
The soybean is one of the most important crops. Its seeds are a valuable source of nutrients, since they contain 40% of proteins and 20% of fat [1, 2] . In terms of area under cultivation, the soybean is ranked fourth in the world [3] . More recent epidemiological, animal, and in vitro studies show that soybean products reduce prostate, breast, and colon cancer risk due to the presence of bioactive substances such as: Bowman-Birk protease inhibitor, lunasin peptide, and isoflavones [4] . The soybean, just as other crops, is exposed to a number of abiotic and biotic stress factors. It is relatively sensitive to shortage of water [5] [6] [7] [8] [9] and salt stress, which may disturb the ion concentration in plants. Such factors may cause decay of plants or their slow growth, and consequently reduced yields. Germination is one of the most important growth stages in plants and stress factors prevent or delay the process [10] [11] [12] [13] [14] . At the same time, we know that humic substances (HS) stimulate plant growth and improve the yields of agricultural crops. High-molecular-weight HS can also act as root growth promoters via auxin-mediated pathways. HS may have practical application in agriculture as a source of new organic-mineral fertilizers and as inhibitors of plants stress [15] [16] [17] [18] .
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Therefore, the aim of the present study was to assess the protective effect of humic acids (HA) on swelling and germination of soybean seeds under salt (50 mM dm −3 NaCl) and water deficit stress (−0.5 MPa) induced by PEG 6000.
Material and methods

Biological material
Domestic soybean cultivars 'Progres' and 'Nawiko' . The cultivars were selected after preliminary in vitro tests on six domestic soybean cultivars. These cultivars differed in their response to the stress factors applied.
Humic acids
Humic acids were extracted from low peat originating from the Babiogórski National Park using a method advised by IHSS [19] , namely, a triple extraction of peat samples. The HA preparation, referred to as non-fractionate humic acids -NFHA, was then divided into two molecular fractions using 30 kDa cut-off point Millipore filters and an Amicon device. The molecular weight fraction below 30 kDa was marked LMHA and molecular weight fraction above 30 kDa was marked HMHA. The results of NFHA, LMHA, and HMHA elemental analysis are presented in Tab. 1.
Germination and swelling of soybean seeds
Soybean seeds were selected for the experiments with particular attention given to the lack of any mechanical damage. Beans visibly bigger and smaller than the average were rejected.
Three experiments were performed using Petri dishes as germination plants. The first and the second dishes were used to test swelling, and the third one to test the germination speed. Each of the experiments included nine different solutions applied during swelling: ■ control (H 2 [20] .
Concentrations
The concentrations of stress factors were selected in such a manner so that they were not lethal for the plants during germination. NFHA, LMHA, and HMHA were dissolved in a phosphate buffer of pH = 7.0 and applied at a concentration of 0.005 gC HA . dm −3 . In order to create salt stress, NaCl was applied in solutions of 50 mM dm −3 , whereas to create water deficit stress solutions corresponding to water potential (−0.5 MPa) were applied.
Experiments
Experiment 1.
At the beginning of the experiment, soybean seeds at their natural moisture level of 7% were weighted on electronic scales. Soybean seeds in groups of 25 were placed on Petri dishes (10 Petri dishes for each combination of the solutions used in the experiment). Inside each dish on three layers of filter paper (wetted with the relevant solution up to 100% of volume), special plexiglass inserts were placed with numbered "openings" for soybean seeds. This facilitated later statistical assessment of the obtained results. The base filter paper layers were replaced every 4 h. The experiment was conducted at ambient temperature of 20°C. The mass of soybean seeds was determined after 4, 8, 12, 16, 20, 24, 32, 42 , and 64 hours of swelling. After the experiment, the number of germinated soybean seeds was counted. Experiment 2. During this experiment, accelerated inhibition was instilled combined with oxygen deficiency [18] by placing beans for 1 h in one of the nine solutions containing stress factors and HA. Just as in Experiment 1, initially each soybean seed was weighted separately. Soybean seeds, in batches of 25, were placed in special plexiglass inserts with numbered "openings" for soybean seeds without filter paper and immersed in one of the solutions. There were 10 Petri dishes for each combination of the solutions used in the experiment. After 1 h, each soybean seed was weighted separately, and three layers of filter paper wetted with distilled water were placed on the bottom of germination plants. The base was first replaced after 3 h, and then every 4 h. The experiment was conducted at ambient temperature of 20°C. The mass of soybean seeds was determined after 1, 4, 8, 12, 16, 20, 24, 32, 40 , and 56 hours of swelling. After completion, soybean seeds with visible radicle were counted. Experiment 3. It was carried out to determine the statistical impact of HA and stress factors on the speed of germination. Both soybean cultivars, in the same amount as in the previous experiments, were put on filter paper wetted up to 100% of its volume with the relevant solutions. The base layer was replaced every 6 h. Beans with visible radicle were counted after 48, 60, 72, and 96 h of swelling.
Statistical analysis
Statistical analysis was performed using Statistica 10.1 and homogenous groups were determined using Tukey's test at the significance level of α = 0.05.
Results
Results of NFHA, HMHA, and LMHA elemental analysis
The data in the Tab. 1 are average values of three replicates. The maximum uncertainty of the results in the table does not exceed 1%.
The data presented in Tab. 1 indicate that LMHA have a much lower content of C, N, and H compared with HMHA and a significantly higher content of oxygen and internal oxidation in comparison with HMHA. This is due to the fact that the fraction with a molecular weight lower than 30 kDa contains more functional groups, especially carboxylic ones [20] . During the first experiment in which 'Progres' soybean seeds swelled on a base layer saturated with the solutions containing stress factors and HA, the results showed significant susceptibility of those soybean seeds to both stress factors. This was supported by a statistically significant drop of relative fresh mass after 12 and 16 h of swelling and in the final phase of the experiment after 42 and 64 h. Additional NFHA not only reduced the impact of water deficit in the early stage of swelling, but also caused a statistically significant increase in water uptake compared to the control sample. Moreover, it was determined that after 8 h of swelling under the salt stress, similarly to the water deficit stress, NFHA caused an increase in relative fresh mass of soybean seeds. In the case of salt stress, LMHA caused an increase in relative mass already after 4 h of swelling.
When analyzing the number of germinated soybean seeds expressed as percent of the control sample, we can see that 64 h into the experiment the presence of HA, in particular its HMHA, countervails the impact of water deficit stress and salt stress on the number of germinated 'Progres' soybean seeds.
Experiment 2
Tab. 4, Tab. 5, Fig. 3 , and Fig. 4 present the results of the second experiment.
In the case of preliminary immersion of 'Progres' soybean seeds for 1 h in the solutions containing the factors causing water deficit stress, no statistically significant changes of relative increase in fresh mass of germinating soybean seeds was noticed both with and without HA presence. As regards salt stress, a statistically significant decrease in fresh mass was observed after 8 h of swelling. The presence of non-fractionate HA strengthened the process.
The 1-h accelerated imbibition stress significantly influenced the percentage of germinated 'Progres' soybean seeds. The strongest impact was recorded in the control sample. The use of PEG 6000 and NaCl most probably prevented excessively rapid imbibition, and HA, especially its molecular weight fraction higher than 30 kDa, significantly leveled the additional accelerated imbibition.
Experiment 3
Tab. 6-Tab. 9 present the results regarding the impact of stress factors and humic acids on the speed of germination of 'Progres' and 'Nawiko' soybean seeds.
The observation showed that 80% of 'Progres' soybean seeds in the control series had visible radicle already after 48 h of swelling on filter paper both with water deficit and salt stresses. The water deficit stress caused a significant slowdown of germination in comparison to the control series that could still be seen after 60 h of the experiment.
Discussion
The analysis of swelling of 'Nawiko' soybean seeds, a cultivar which is more tolerant than 'Progres' , showed that swelling soybean seeds responded to water deficit stress with a statistically significant reduction in their fresh mass as compared to the control sample. It was possible to countervail the reduction by adding LMHA after 12 h of swelling (Tab. 2 and Tab. 3). Eight hours into the experiment, the relative fresh mass of 'Nawiko' soybean seeds after 1 h of accelerated imbibition stress, additionally exposed Tab. 4 Changes in relative fresh mass of 'Progres' soybean seeds during swelling of the 2nd experiment series expressed as percentage of control sample. to water deficit stress, showed a statistically significant reduction in comparison to the control sample (Tab. 4 and Tab. 5). The presence of HMHA in the solutions containing PEG 6000 caused a statistically significant increase in relative fresh mass of 'Nawiko' soybean seeds already during the first hour compared to the control sample. The presence of NFHA resulted in a similar effect after 4 h of swelling. In the initial phase of swelling, during imbibition anaerobic respiration prevails -glycolysis [21] . Increased water uptake may influence the speed of hydrolysis of high molecular compounds in soybean seeds and cause an increase in their fresh mass. The 1-h accelerated imbibition stress and salinity had the strongest influence on the percentage of germinated 'Nawiko' soybean seeds. The use of LMHA in combination with water deficit stress caused the number of germinated soybean seeds to reach 80%. The lower-molecularweight fraction (below 30 kDa) had the strongest impact in the case of salt stress (65%). HA boosts anaerobic respiration during immersion of soybean seeds [22] , protecting them against the negative impact of their total immersion in solutions, since soybean seeds had contact with HA only during the first hour. Various researchers mention the presence of humic substances inside a plant and HS impact on its metabolism [23] [24] [25] . During germination, all enzymatic processes are regulated by plant hormones, i.e., gibberellins, cytokinins, and auxins. Water deficit stress may lead to biochemical changes and the response of plant hormones [26] . HA properties similar to those of plant hormones were observed by Russell who explained the fact by the presence of polyamines in the HA structure [27] as well as by Young who referred to the presence of substances capable of reacting with markers detecting the presence of plant hormones [28] . The analysis of the impact of stress factors and humic acids on the speed of germination of 'Progres' and 'Nawiko' soybean seeds showed that the additional presence of the molecular weight fraction higher than 30 kDa was the most efficient in reducing the germination slowdown of 'Progres' soybean seeds caused by water deficit stress. The LMHA fraction exhibited the strongest impact in the case of salt stress. Already 48 h into the experiment, a positive influence of this fraction was observed ( Fig. 1-Fig. 4 , Tab. 6-Tab. 9). As regards 'Nawiko' , water deficit stress caused a significant reduction in germination speed. After 60 h into the experiment, the positive influence of non-fractionate HA was the strongest. For this particular type, statistically significant differences between the series with PEG 6000 were observed after 96 h. NaCl added to the solutions caused a relatively smaller interruption of germination than PEG 6000. Soybean seeds exposed to salt stress germinated much better after 48 h, and after 72 h there were no statistically significant differences comparing to the control series for both soybean cultivars. A reduced speed of germination in both soybean cultivars was noted by Michałek in 2002 [29] , since the germination of soybean seeds was slower with the increase in PEG 6000 concentration.
Summary
When compared with the initial assumptions, the results showed that concentrations of the selected stress factors differed between experiments and the plant reactions varied, however plants decay have not been noted. Humic acids modified swelling and germination of soybean seeds exposed to salt and water deficit stresses, and their action depended on the HA fraction used and soybean cultivar. Humic acids mitigated the unfavorable impact of stress factors, both in the case of NaCl and PEG 6000. Particularly interesting are the results of the second experiment. Besides, the results lead to a question why water deficit stress is mitigated by HMHA fraction and salt stress by LMHA. This requires further investigation.
